Abstract:
The quantum cutting luminescent materials have attracted a great of interest in the fields of solar cells. In this paper, the novel Ba 2 Y(BO 3 ) 2 Cl:Bi 3+ , Yb 3+ quantum cutting phosphors were prepared, and their quantum cutting luminescence and energy transfer mechanism were investigated. The visual emission of Bi 3+ was observed ranging from 350 to 650 nm, which is attributed to the 3 P 1 → 1 S 0 transition of Bi 3+ . The near infrared emission ranging from 950 to 1100 nm is due to the 2 2 Cl phosphors can act as a promising candidate for the silicon solar cells.
Introduction
With the rapidly decreasing of fossils fuels, the solar cells enter the eyesight of people to solve the energy crisis. The commercial solar cells were assembled by crystalline silicon solar cells (c-Si), and the mismatch between the solar spectrum and the optical spectral response of solar cells was the major problem in the Si of solar cells [1] . Only the photons of energy close to a band gap (∼1.12 eV) of Si could be efficaciously absorbed and converted by Si-based solar cells [2] . Thus the main energy of the solar spectrum is the ultraviolet and visible region, and this part of the high-energy photons could not be directly absorbed by the Si solar cells, which decreased seriously the conversion efficiency of solar cells. In order to enhance the conversion efficiency of solar cells, the rare-earth (RE) doped luminescence material has used, which could convert a high-energy photon into two near infrared photons with lower energy via the quantum cutting (QC) processes. The two lower energy photons obtained by cutting one higher photon can be absorbed by the silicon solar cells, resulting in its conversion efficiency enhancement. At present, a lot of quantum cutting phosphors doped with the ion pairs such as Pr 3+ 
Experiments

Results and Discussion
The phase purity of Ba 2 Y(BO 3 ) 2 Cl:Bi 3+ , Yb 3+ phosphors were characterized by the XRD. Fig. 1 Fig. 2 (a) and (b), respectively. Four absorption peaks located at 230, 272, 336 and 955 nm were observed in the absorption spectra, respectively. Inset of Fig. 2(b) was the absorption spectra of pure host. The absorption peak of host was located at the 230 nm, which suggested that absorption peak located at 230 nm in the absorption spectra of Ba 2 Y(BO 3 ) 2 Cl:Bi 3+ , Yb 3+ phosphors is attributed to the absorption of host. The absorption peak at the 272 and 336 nm were attributed to the 1 S 0 → 1 P 1 and 1 S 0 → 3 P 1 transitions of Bi 3+ ions, respectively [16] . In addition, the absorption peak ranging from 840 to 1065 nm was observed, which is due to the 2 F 5/2 → 2 F 7/2 transition of Yb 3+ ions. With the increase of Bi 3+ content, the absorption peak at the 272 and 336 nm of Bi 3+ was increased, as shown in Fig. 2(b) . In Fig. 2(a) , the absorption peak of Yb 3+ was increased with the increase of Yb 3+ content. The luminescent center numbers will increase with the increasing of Bi 3+ or Yb ions, resulting in their absorption intensity increasing. Fig. 2(c) exhibited the excitation spectra of Ba 2 Y(BO 3 ) 2 Cl:0.5 mol%Bi 3+ , x mol%Yb 3+ (x = 1, 2.5, 5, 7.5 and 10) samples. By monitoring the 976 nm emission of Yb 3+ , the excitation spectra of Yb 3+ was comprised of 272 and 336 nm two peaks. In the previous work, it is confirmed that the excitation band at 336 nm is from the can result in the excitation band at 272 nm [16] , [18] . In order to investigate the origin of excitation band at 272 nm, the excitation spectra of Ba 2 Y(BO 3 ) 2 Cl:7.5 mol%Yb 3+ phosphor without Bi 3+ was measured, as shown in the inset of Fig. 2(c) . No excitation peak at 272 nm can be observed in the excitation spectra for the Ba 2 Y(BO 3 ) 2 Cl:7.5 mol%Yb 3+ phosphor. It is suggested that the charge transfer state O 2− -Yb 3+ is not the origin of excitation band at 272 nm. Therefore, the 272 nm excitation band may be associated with the 1 S 0 → 1 P 1 transition of Bi 3+ ions [16] . A excitation peak of Bi 3+ ions was obtained when the Yb 3+ NIR emission is monitored, which indicated the energy transfer from Bi 3+ ions to Yb 3+ ions may be take place. Fig. 3(a) showed the visible emission spectra of Ba 2 Y(BO 3 ) 2 Cl:0.5% Bi 3+ , x%Yb 3+ (x = 1, 2.5, 5, 7.5 and 10) phosphors under the excitation of 336 nm, respectively, exhibiting the visible emission peak located at 490 nm. The 490 nm visual emission is attributed to transition of 3 P 1 → 1 S 0 of Bi 3+ . The emission intensity of Bi 3+ decreased rapidly with the increasing of Yb 3+ content. The near infrared emission spectra of Ba 2 Y(BO 3 ) 2 Cl:0.5% Bi 3+ , x%Yb 3+ (x = 1, 2.5, 5, 7.5 and 10) phosphors under the excitation of 336 nm was shown in the Fig. 3(b) 3+ (x = 0.05, 0.1, 0.2, 0.5 and 1) phosphors were prepared, and the corresponding visible and near infrared luminescence spectra of Bi 3+ and Yb 3+ were also measured under the excitation of 336 nm, as shown in Fig. 3(c) and (d) . The typical visible emission from Bi 3+ and the near infrared emission from Yb 3+ were observed. The visible emission intensity of Bi 3+ was increased firstly then decreased with the increasing of Bi 3+ content, as shown in Fig. 3(c) . The increasing of visible emission intensity of Bi 3+ is attributed to the increasing of Bi 3+ luminescent centers, and the decreasing of visible emission intensity of Bi 3+ is due to the concentration quenching effect. As seen the Fig. 3(d) , upon the 336 nm excitation, the NIR emission of Yb 3+ were increased firstly with the increasing of Bi 3+ concentration, which further suggested the presence of cooperative energy transfer from Bi 3+ ions to Yb 3+ ions. In order to further give the convincing evidence of Bi 3+ →Yb 3+ energy transfer, the decay curves of the 490 nm emission from the Bi 3+ for the Ba 2 Y(BO 3 ) 2 Cl:0.5% Bi 3+ , x%Yb 3+ (x = 1, 2.5, 5, 7.5 and 10) phosphors were measured under the excitation of 336 nm, as shown in the Fig. 4 . All decay curves of the 490 nm emission from the Bi 3+ deviate from a single exponential form, which is attributed to the different luminescence mechanisms caused by various Bi 3+ substitution in the Ba 2 Y(BO 3 ) 2 Cl phosphor. The decay curves could be well fitted by the double exponential decay formula as follows [19] :
where the I denotes the emission intensity, the t is the time, the A 1 and A 2 are constants, and τ 1 and τ 2 are the decay lifetimes, respectively. The average decay times (τ * ) can be calculated by the following equation [20] :
For the Bi 3+ single-doped sample, the average decay lifetimes (τ * ) values of 490 nm emission was about 606 ns, and the value of average decay lifetimes for the Ba 2 Y(BO 3 ) 2 Cl:0.5% Bi 3+ , x%Yb 3+ (x = 1, 2.5, 5, 7.5 and 10) phosphors were about 527, 522, 515, 512 and 496 ns, respectively. In contrast to the Bi 3+ single-doped sample, the lifetime of the 490 nm emission for the all codoped phosphors were decreased with the increase of the Bi 3+ content, which indicated that the cooperative energy transfer take place from the Bi 3+ respectively. The efficiency of energy transfer is 54.1%, 57.3% and 65.8%, 67.8% and 70.2% when the Yb 3+ concentration is 1, 2.5, 5, 7.5 and 10, respectively. The relationship between the energy transfer efficiency and the quantum cutting efficiency (η QE ) is linear and as following equation [21] :
where the η Bi and η Yb are the quantum efficiency of Bi 3+ and Yb 3+ , respectively. By ignoring the quench process, the quantum efficiency of Bi 3+ and Yb 3+ are set to 100%. The quantum cutting efficiency (η QE ) is calculated to be 154.1%, 157.3%, 165.8%, 167.8% and 170.2% when the Yb 3+ concentration is the 1, 2.5, 5, 7.5 and 10, respectively.
The mismatch between the solar spectrum and the optical spectral response of solar cells was the major problem in the Si of solar cells. The two lower energy photons obtained by cutting one higher photon can be absorbed by the silicon solar cells, resulting in its conversion efficiency enhancement. The overall scheme of spectral conversion in Ba 2 Y(BO 3 ) 2 Cl:Bi 3+ , Yb 3+ phosphor is showed and compared with the solar irradiance spectrum, as shown in Fig. 6 
